Functional MR imaging (fMRI) is a promising but, in some aspects, still debated noninvasive tool for functional language mapping. We developed a clinical fMRI overt language design at the sentential level to optimize sensitivity for language-related areas of the brain. To evaluate applicability and sensitivity, we investigated a consecutive series of presurgical patients with epilepsy with minimal morphologic brain abnormalities.
BACKGROUND AND PURPOSE:
Functional MR imaging (fMRI) is a promising but, in some aspects, still debated noninvasive tool for functional language mapping. We developed a clinical fMRI overt language design at the sentential level to optimize sensitivity for language-related areas of the brain. To evaluate applicability and sensitivity, we investigated a consecutive series of presurgical patients with epilepsy with minimal morphologic brain abnormalities.
MATERIALS AND METHODS:
Thirty right-handed patients with temporal lobe epilepsy (TLE) and a control group of 23 right-handed healthy subjects participated in the study. The language design included semantic and syntactic error-detection tasks and was constructed to represent the most relevant aspects of everyday language demands. It was applied during block-designed fMRI runs. We performed image preprocessing and statistical analysis with SPM5 at a group level, applying widely used statistical criteria. The study was approved by the local ethics committee, and all participants gave written informed consent.
RESULTS:
Given the strict statistical criteria, the sensitivity for inferior frontal and posterior temporal activations (comprising Broca and Wernicke regions) was improved relative to previous findings in the literature. For both language areas, we found 100% sensitivity in healthy subjects (Brodmann areas, BA22 and BA44) and 97% sensitivity in patients (when including BA47). Lateralization results demonstrated the capability to detect atypical language lateralizations in patients, which were more frequent in than those in healthy subjects.
CONCLUSIONS:
We developed a clinical language fMRI design that integrates various relevant aspects of everyday language demands and provides robust localization of core language areas. P reoperative functional MR imaging (fMRI) localization of language functions is a promising tool to improve the treatment of pre-and postsurgical patients. 1, 2 Although neuropsychological assessment can contribute to determination of language lateralization, 3 neuropsychological tests alone are not sufficient to determine functional brain organization. Therefore, neuropsychological assessment is often combined with the invasive intracarotid amobarbital test, also known as the Wada test. 4 In contrast to the Wada test, fMRI is a noninvasive technique, and some clinical studies on the topic of presurgical language fMRI have already been published. [5] [6] [7] However, a still-unsolved issue is the optimal design of a robust and feasible clinical fMRI language task that reliably detects essential language areas and is applicable to all types of patients. 8 Because the primary goal of presurgical language mapping is to provide a comprehensive picture of all brain areas that are essential for everyday language abilities, the application of blocked overt-speech sentences seems promising. With this rationale, we developed an overt language design for patient applications, integrating a wide range of everyday language aspects such as full sentences, reading, talking, and syntactic/ semantic decisions. Our language paradigm includes a semantic and a syntactic task, to evaluate which kind of task specification is superior in a clinical context.
The goal of the present study was to evaluate the language design in a population of presurgical patients with temporal lobe epilepsy (TLE) who were referred for an fMRI language examination by their responsible physicians. We did not exclude any patient on the basis of clinical symptoms or neuropsychological criteria and applied widely used statistical criteria for analysis. This process allowed testing the general applicability of the design and the sensitivity in a typical clinical population because patients with TLE are one of the major patient groups prospectively profiting from the new fMRI technique. We hypothesize that the new overt language design is applicable to a clinical population and will show a higher sensitivity for major language areas than previously published designs.
Materials and Methods

Participants
Thirty right-handed consecutive presurgical patients (ie, examined in the order of referral) with TLE and a control group of 23 right-handed healthy subjects participated in the study. Seventeen patients (7 Table 2 ) had no history of neurologic disease and were the same as the subjects in Foki et al. 7 The study was approved by the local ethics committee.
All participants were native German speakers and gave written informed consent according to the Helsinki Declaration.
Tasks
The investigation comprised 20 pseudorandomized block-designed fMRI runs of a syntactic (10 runs) and a semantic task (10 runs). After an initial 10 seconds of dummy scans, each run consisted of 4 control (C) and 3 activation (A) periods with a duration of 20 seconds each in the order of CACACAC, resulting in a total duration of 150 seconds per run (Fig 1) . Each experimental run was performed separately, interrupted by short rest periods according to individual needs of the participants. During every activation period, 2 German sentences consisting of 4 ϩ 2 words were presented word by word. Each new word was underlined and presented in the middle of the screen. The final word consisted of 2 alternative verbs that were either syntactically or semantically correct or incorrect. The instruction was to read overtly every word and to repeat the correct final sentence. The correct sentence had to be repeated at a convenient speed until the presentation of the next sentence or the control condition started. The sentences remained visible during this time. Subjects were trained to speak softly and to minimize movements of head and facial muscles. 9 At the start of the control period, the participants were shown a white fixation cross in the middle of the screen. In addition, during the whole control period, 4 blocks of pseudorandomized visual stimulation (black/gray flashing of the whole screen at 4 Hz) were presented. Participants were instructed to touch the palate with their tongue every time a flashing visual stimulus sequence appeared (to provide control of non-language-related motor aspects). To achieve good individual performance, the participants had to practice 2-4 runs outside the scanner. During measurement, the participants were monitored to control cooperation and verbal output.
MR Imaging Acquisition
To minimize head movements, we used an optimized plaster cast helmet for comfortable and safe head fixation.
7,10 Whole-head blood oxygen level-dependent fMRI was performed on a 3T scanner by using a phase-corrected blipped single-shot gradient-echo echoplanar imaging sequence optimized for the local scanner (sinc pulse excitation; TE/TR; 55.5/5000 ms; flip angle, 90°; 128 ϫ 128 matrix, 230 ϫ 230 mm FOV; 35 anterior/posterior commissure sections covering the whole brain; in-plane resolution, 1.8 ϫ 1.8 mm; section thickness, 3 mm; no intersection gap; interleaved acquisition of sections).
fMRI Data Processing
Preprocessing and General Aspects. Image preprocessing and statistical analysis were performed by using statistical parametric mapping 5 (SPM5; Wellcome Department of Imaging Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/spm/software/spm5), applying standard head registration (rigid-body 6-parameter model, 3D sinc interpolation), 11 spatial normalization to the functional Montreal Neurologic Institute (MNI) template (2-mm isotropic voxels, trilinear interpolation), spatial smoothing (isotropic gaussian filter kernel; full width at half maximum, 8 mm), first-level analysis by using high-pass filtering (80 seconds), canonical hemodynamic response function, and default correction for autocorrelation. We performed single-subject and group analyses. For single-subject analysis, the contrast images generated during the first-level analyses were followed by a family-wise error (FEW)-corrected individual SPM5 analysis (P Ͻ .05). For group analysis, the contrast images generated during the first-level analyses were submitted to a secondlevel random-effects analysis, and a false discovery rate (FDR, P Ͻ .05) was applied.
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Determination of the General Activation Patterns. A 1-sample t test using both language tasks (ie, [semantic ϩ syntactic] tasks) for the whole group of patients with left and right TLE and healthy subjects was used to calculate an activation map showing all regions in the whole brain that are involved in processing the language paradigm (FDR, P Ͻ .05).
Specific Activation Patterns in the Temporofrontal Region of Interest. For further analysis, we generated a bilateral temporofrontal region of interest (Fig 2C) with the SPM toolbox MARINA, 13 containing left and right Broca and Wernicke areas as generated for the calculation of laterality indices (LIs, see below). This temporofrontal region of interest contained all bilateral regions of primary interest concerning language processing.
Temporofrontal Region of Interest: Patients with Left-versusRight TLE.
With region-of-interest data, a 1-sided 2-sample t test using both language tasks (ie, [semantic ϩ syntactic] tasks) was calculated to detect differences between the groups of patients with left and right TLE (temporofrontal region of interest; FDR, P Ͻ .05).
Temporofrontal Region of Interest: Semantic-versus-Syntactic Tasks. In addition, a 1-sided paired t test for the whole group of patients with left and right TLE and the group of healthy subjects was used to assess the differences in the semantic and syntactic tasks (ie, [semantic Ϫ syntactic] and [syntactic Ϫ semantic] tasks; temporofrontal region of interest; FDR, P Ͻ .05).
Correlation of Activation Patterns with Brodmann Areas. To classify all activated regions of [semantic ϩ syntactic] group results and [semantic Ϫ syntactic] group results for patients and healthy subjects in terms of Brodmann areas (BAs), the MNI Space Utility (MSU) (http://www.ihb.spb.ru/ϳpet_lab/MSU/MSUMain.html) was applied with a cluster criterion of k ϭ 5 voxels on the group data. Subsequently, the number of significant voxels per BA was determined. Number of Participants Showing Activity in Specific BAs. The MSU was used to count activity in all BAs for every single patient and healthy subject (by using the [semantic ϩ syntactic] first-level contrast images) to achieve a measure of assumed sensitivity of our tasks. For this purpose, we used an FEW-corrected individual SPM5 analysis (P Ͻ .05), and the MSU was applied on the resulting data with a cluster criterion of k ϭ 5 voxels. Then for each BA, it was determined how many subjects showed activity for each of the patient and healthy-subjects groups.
LIs
For each participant, anterior (Broca) and posterior (Wernicke) LIs were calculated according to a previously published approach. 6, 14 This rather robust procedure first calculates a mean maximum t value defined as the mean of those 5% of voxels showing the highest activation in each region of interest of both hemispheres. The threshold for inclusion in the calculation is then set to 50% of the mean maximum t value. Finally, the sum of t values above the threshold is entered in the following formula for calculating LIs:
where V is the set of activated suprathreshold voxels within the region of interest, XL is the t value of left-hemispheric voxels, and XR is the t value of right-hemispheric voxels.
The latest version of the SPM toolbox MARINA 13 was used to generate the anterior (Broca) and posterior (Wernicke) regions of interest in MNI space for each hemisphere. 15 The anterior region of interest (Broca , Fig 2A) covered the pars opercularis and pars triangularis of the inferior frontal gyrus (IFG); the posterior region of interest (Wernicke, Fig 2B) covered the posterior half of the superior temporal gyrus.
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Results
Performance Monitoring
All patients and subjects performed the task successfully (Ͼ90% correct answers determined from prior practice and monitoring during the measurements). Because no performance problem was expected and found, no quantitative recording of patient monitoring was performed. Only 1 fMRI run in 1 patient had to be excluded due to severe artifacts.
Activation Patterns
General Activation Patterns in Patients and in Healthy Subjects. The group activation pattern produced by both parts of the language task (ie, [semantic ϩ syntactic] tasks) and calculated by a 1-sample t test showed a large number of brain regions known to be involved in different subprocesses of language. This was true for both groups of participants (healthy subjects and patients, Fig 3 and Tables 3 and 4 ). It comprised 2 tests: 1) patients with left and right TLE: [semantic ϩ syntactic] tasks versus controls; 2) healthy subjects: [semantic ϩ syntactic] tasks versus controls.
In summary, we found active clusters in the following BAs: BA47, often associated with semantic processing; and BA44, generally considered to be related to syntactic and/or phonologic processing. 17, 18 BA45 is associated with syntactic as well as with semantic processing. 17, 18 Additionally, the IFG is also involved in verbal working memory functions during sentence tasks. 18 Active regions were also found in the left (and partly right) insula (BA13). In previous reports, the insula has been associated with object naming relative to object decision tasks and with articulatory processes during productive speech. 19, 20 Significant contribution to the overall activation pattern was likewise found in the temporal lobes. 21 These regions are likely to be involved in word perception 20 and lexicosemantic 21 and phonological processing. 22 The middle temporal gyrus seems to be particularly relevant in sentence tasks, 23 whereas the superior temporal gyrus is more frequently activated during word tasks. 24 In the posterosuperior temporal gyrus (includ- Temporofrontal Region of Interest: Semantic-versusSyntactic Tasks. Although the paired t test (applied to the temporofrontal region of interest) revealed no difference for the [syntactic Ϫ semantic] analysis in both groups of participants, a subtle difference for the [semantic Ϫ syntactic] analysis could be found. In patients with TLE, this difference was rather small, consisting of the left insula (BA13) and the left orbital part of the IFG (BA47, compare Table 5 and Fig 4) . In the healthy subjects, the difference in [semantic Ϫ syntactic] tasks was much stronger, emphasizing temporal activation (BA21 and BA22) and mostly bilateral BA13 and BA47 (to some extent also BA45, compare Table 6 Table 5 ). B, Healthy subjects: semantic Ϫ syntactic task. 3D view of a language-activation map shows the differences between the [semantic Ϫ syntactic] task across the whole group of healthy subjects (temporofrontal region of interest; FDR, P Ͻ .05, T ϭ 2.710) overlaid on SPM5 standard brain in MNI space (compare Table 6 ). healthy subjects. To analyze the activated BAs, we used a cluster criterion of k ϭ 5 voxels (ie, only clusters containing Ն5 voxels were used to calculate Tables 3-6 ). Note, that despite the applied cluster criterion of k ϭ 5 voxels, in case a cluster overlapped a BA with only a few voxels, it was possible that this BA included less Ͻ5 voxels. 
Number of Participants Showing
LIs
A tendency toward dominance of the left hemisphere (ie, positive LI) was detected, but we found atypical lateralization (according to international conventions, LI Յ 0.20) of language as well. 27 The 30 patients with TLE showed an atypical LI in 12/30 (40%) cases in the anterior region of interest and in 8/30 (27%) cases in the posterior region of interest (compare Table  1 ). The 23 healthy subjects showed 8/23 (35%) cases of atypical LI in the anterior region of interest and 4/23 (17%) cases in the posterior region of interest (compare with Table 2 ). Concerning only right-hemisphere dominance (LI Յ 0.20), we found 2/30 (7%) in patients with TLE (both are patients with left TLE) and 1/23 (4%) in healthy subjects. Right dominance was only found in the Broca region. Bilateral lateralization (Ϫ0.20 Յ LI Յ 0.20) of either Broca or Wernicke areas could be seen in 15/30 (50%) patients with TLE and 6/23 (26%) healthy subjects. In summary, 16/30 (53%) patients with TLE and 9/23 (39%) healthy subjects showed some kind of atypical language lateralization. Therefore, the number of atypical lateralizations in patients with TLE is moderately larger than that in healthy subjects. (These atypical language lateralizations cannot be seen in Figs 3 and 4 because they are based on individual statistical calculations and the figures show group results.)
Discussion
The optimal design of a robust and feasible clinical fMRI language task that reliably detects essential language areas is still an unsolved issue. Currently, silent word generation, 23, 28 picture naming, 23 semantic-decision, 6, 23, 24 rhyme detection, 24 word stem completion, 29 and silent reading tasks 30 are most frequently used. Most of these studies applied covert speech. Although some researchers found only minimal differences between overt and covert speech, 31 most concluded that the 2 modalities produce similar but nevertheless unequal activations 29, 32, 33 and that the use of spoken output in language localization studies is desirable. Others recently suggested overt speech fMRI techniques 34, 35 and applied single-word tasks within an event-related design lead to lower total contrast-tonoise ratios compared with blocked designs 36 and reduce the sensitivity and consistency of word tasks compared with sentence tasks. 37 In this work, we tested an extended paradigm in a typical clinical population (excluding patients with extended morphologic brain abnormalities) referred for presurgical language mapping performed with a reliability-based data analysis technique. 38, 39 For testing under realistic clinical conditions, only patients with relevant brain distortions were excluded. We used an optimized plaster cast helmet for comfortable and safe head fixation. Although this device does not provide total fixation, it considerably reduces head-motion components compared with head fixation with conventional restraining straps, according to Edward et al. 10 To optimize functional data quality, we used a long total measurement time of 50 minutes altogether (pure scanning time, not including rest periods between individual runs) per patient/subject. Taking initial technical settings, anatomic MR imaging, and rest periods into account, participants had to stay Յ90 minutes inside the scanner. Due to this rather long time, it would have been difficult to include any other previously published language tasks for the purpose of direct comparison. Comparisons of the fMRI results with the Wada test (or other modalities) could be not done due to the small number of patients who had undergone Wada testing.
Global Results
The SPM5 group analysis showed a comprehensive and robust language map, closely corresponding to the results in Foki et al (Fig 3) . 7 No significant differences were found between patients with left and right TLE. The left IFG, including Broca language area-a clinical key region for language production-was strongly activated (compare with "General Activation Patterns in Patients and in Healthy Subjects" in the Results section).
Within our experimental block design, which combined several components of language processing, a strict assignment of specific language processes or subprocesses to different cortical regions was neither intended nor possible. However, we were able to show the ability of the paradigms to robustly activate cortical regions essential for everyday language, with a high sensitivity in a rather heterogeneous patient population regularly referred for presurgical language mapping and in healthy controls.
Task Design
Indications exist that word tasks have a lower detection rate for essential language areas than sentence tasks. 40 In addition, the magnitude of activation is usually greater in tasks requiring overt speech. 33 Aldenkamp et al 41 concluded that "active semantic language processing or comprehensive procedures with multiple language tasks have the highest guarantee for individual activation lateralization." Moreover, Binder et al 42 obtained optimal results by contrasting an active semanticdecision task with a tone-decision task. They especially emphasized the need for an active nonlinguistic task as a baseline to identify brain regions involved in semantic processing.
We combined several components of language processing (semantic, syntactic, orthographic, and phonologic) into 1 single reading task and contrasted it with an active nonlinguistic task involving the production of nonspeech sounds.
Semantic/Syntactic Differences
Despite the fact that the syntactic and/or semantic error is only a small part of both tasks, some significant differences could be found (Tables 5 and 6 and Fig 4) . Primarily the left insula (BA13) and the left IFG (BA47) were more active during the semantic task, which argues for concentration on this task type for clinical applications. The finding is in good accordance with the literature about semantic processing, 43 and we were able to replicate these differences in patients and healthy subjects (compare Tables 5 and 6 ).
Lateralization
For diagnostic purposes, it is also important to be able to determine language lateralization in patients reliably. Therefore, we created standardized regions of interest of the Broca and Wernicke regions and calculated the LIs according to Weber et al 6 and Fernandez et al, 14 because their methods are independent of individual task performances and avoid the problem of arbitrarily chosen thresholds.
We found an increase of atypical LIs (according to international conventions, LI Յ 0.20) in patients compared with healthy subjects. This result may be explained by reorganization processes in the brain due to pathology. Although Springer et al 27 reported 22% of atypical language dominance (right-sided and bilateral) in right-handed patients with TLE and 6% in healthy subjects, we found much higher rates of 53% in patients with TLE and 39% in healthy subjects (mostly due to bilateral language lateralization). However, these results cannot be directly compared because Springer et al 27 used different tasks, and most important, they applied extended single regions of interest comprising the lateral two thirds of a hemisphere. In contrast, Thivard et al 44 defined atypical language lateralization as LI Յ 0.20 (ie, only right-sided) and reported atypical language representation rates as high as 19% in their patients with TLE. Therefore, LIs may vary greatly from study to study and should be interpreted with caution. 45 It might also be that in our case a stricter definition of atypical lateralization would be preferable to retain the literal meaning of "atypical." For clinical safety reasons, Wellmer et al 46 suggested calculating LIs from Ͼ1 region of interest, taking only the least lateralized region of interest into account and using high thresholds for the LIs, to be able to identify correctly typical language dominance in patients by using fMRI.
Remarkably, one of the patients with left TLE (L1) showed crossed lateralization (right Broca, left Wernicke). Nevertheless, according to Kurthen et al, 47 such an interhemispheric dissociation of language functions is possible in patients with epilepsy.
In another patient with left TLE (L11), we found right Broca and bilateral Wernicke lateralization. In addition, 1 healthy subject (S19) also showed right Broca and bilateral Wernicke lateralization.
Concerning patients with left and right TLE, there was no relevant difference. This indicates that the underlying pathology in our patient cohort was not sufficient for major language-related laterality changes.
Percentage of Subjects Activating Normally Expected Language Sites
Multitask approaches report high sensitivity rates like 100% for Broca and 83% for Wernicke regions 48 or 98% for Broca and Wernicke regions in patients. 49 Another patient study even reported 100% sensitivity for both Broca and Wernicke regions. 50 However, all these results were achieved with rather low statistical thresholds. Compared with these earlier publications, a high sensitivity of our sentence-based language paradigm could be confirmed in patients with left and right TLE and in controls. In 100% of the 23 healthy subjects, BA22 (Wernicke region) and BA44 (Broca region) were found active. With 97% of our patients, activity was found in BA22 (Wernicke area) and BA44 and BA47. Inclusion of inferior premotor areas increased left inferofrontal sensitivity to 100% in our patients. This indicates relevant improvements compared with earlier language designs when considering the strict statistical criteria we applied. Therefore, the application of an overtly spoken sentence task that imitates everyday language seems to be advantageous, especially in a clinical setting in which high-signal-intensity quality and sensitivity may be crucial due to pathologically altered brains. However, direct and systematic comparisons of our fMRI results with postoperative surgical outcome are yet required.
Study Limitations
One major limitation of this study is that no comparisons of the results with independent methodology (intraoperative cortical mapping, Wada test) were possible. Due to our efforts to achieve reliable fMRI maps (requiring long measurement times), other fMRI language tasks could not be directly compared. Therefore, increased sensitivity for language areas in our study relates to previously published results achieved with other task designs. Systematic comparisons of our fMRI results with other tasks or other modalities would be of great value and should be the focus of follow-up studies. Furthermore, no detailed data concerning subject performance were recorded. However, we designed our language task to be also easily solvable for impaired patients, and no patient showed high error rates during practice or monitoring in the scanner. Of course, it is possible that more difficult tasks would correlate with even more brain activity. Nevertheless, in favor of patient cooperation, we opted for relatively easy tasks. An additional point concerns exclusion of patients with extended morphologic brain abnormalities. Our results are not predictive for such a patient group.
Practical Application
Due to their relative simplicity, the proposed tasks can be applied to a wide range of patients/patients' states. For cognitively impaired patients and children, the task difficulty may be easily reduced by slowing down the language-processing requirements.
Conclusions
In summary, we developed a clinical language fMRI task that integrates various everyday language aspects. According to our experience with other patient groups (children, elderly, etc) not included in this study, the task can be easily applied to a wide range of patients. It provides robust localization of essen-tial brain areas according to widely used statistical criteria. In addition, the data provide indications that an integration of semantic processing requirements might be beneficial for clinical language fMRI.
